A new framework cobalt(II) hydroxyl phosphate, Co 2 PO 4 OH, was prepared by ionothermal synthesis using 1-butyl-4-methyl-pyridinium hexafluorophosphate as the ionic liquid. As the formation of Co 2 PO 4 F competes in the synthesis, the synthesis conditions have to be judiciously chosen to obtain well-crystallized, single phase Co 2 PO 4 OH. Single-crystal X-ray diffraction analyses reveal Co 2 PO 4 OH crystallizes with space group I4 1 /amd (a = b = 5.2713 (7) 
■ INTRODUCTION
Phosphorus is the 10th most abundant element on earth and tends to be concentrated in igneous rocks. 1 Naturally occurring phosphate minerals have rich crystal chemistry; the major constituents of phosphorite are the minerals of the apatite group. 2 A large number of structurally and chemically diverse synthetic metallophosphates 3 are extensively studied with respect to a wide range of applications, such as ion exchange, 4 catalysis, 5 adsorption, 6 nonlinear optics, 7 and battery materials. 8 Since cobalt phosphate was used as a component in semiconductive glasses, 9 such materials have attracted renewed interest in the field of ion-selective microelectrodes, catalysts, battery electrodes, and glass materials. 10 Furthermore, cobalt phosphate has been studied as a solid-state catalyst in the solar light-induced oxidation of water to O 2 .
10b Current cobalt phosphates are being extensively studied as cathode materials for rechargeable lithium ion batteries to increase energy storage and voltage output. In the field of open-framework metallophosphates, cobalt phosphates are of particular interest as Co 2+ is one of the few transition-metal cations that not only can adopt an octahedral but also a tetrahedral coordination environment and thus is able to substitute silicon or phosphorus in silicates and phosphates. The incorporation of cobalt cations into zeolites can improve the catalytic performance of the material. 11 In addition, cobalt phosphates are of interest because of their magnetic properties. 12 Since the first amino-templated tetrahedral open framework cobalt phosphate [C 2 H 10 N 2 ]-[CoPO 4 ] was reported in 1994, much attention has been paid to this class of compounds. 13 Recently, our group successfully utilized ionic liquids (ILs) in the synthesis of metal, metal fluoride, and metal oxide nanomaterials for energy-related applications, for example, in catalysis or photonic materials. 14 6 ] (99%, Merck) is reacted in a 3 mL Teflon-lined stainless steel autoclave at 200°C for 7 d, followed by cooling to room temperature. The products were filtered off by suction, washed with deionized water and acetone, and dried at 60°C for 1 d. Phase purity of the product was confirmed by the agreement between the experimental powder X-ray diffraction (PXRD) patterns and the simulated patterns based on the single-crystal structure analysis (Supporting Information, Figure S1 ).
Single-Crystal Structure Determination. A suitable single crystal of Co 2 PO 4 OH with dimensions of 0.12 × 0.02 × 0.02 mm was selected for single-crystal X-ray diffraction (SXRD) analysis. The data were collected at ambient temperature using graphitemonochromated Mo Kα radiation on an Image Plate Diffraction System, IPDS I (Stoe, Darmstadt, Germany). The data were corrected for Lorentz and polarization effects. Data correction was carried out with the program X-RED. 18 A face-indexed numerical absorption correction (X-SHAPE) was applied. 19 The structure was solved by direct methods and refined by full-matrix least-squares techniques with the SHELXTL crystallographic software package. 20 The Co, P, and O atoms could be unambiguously located. See Supporting Information for experimental details on the crystal structure determination of Co 2 PO 4 OH and for further details of the crystal structure investigations.
Characterizations. PXRD data were collected on an image plate-G670 Guinier camera (Huber, Rimsting, Germany) with Mo Kα radiation λ = 0.71073 Å. FT-IR spectra were measured on a Bruker Alpha spectrometer with KBr pellets in the range of 4000−400 cm −1 . Ultraviolet−visible (UV−vis) absorption spectra were measured on an Agilent Cary 5000 spectrometer on a solid sample, using the internal diffuse reflection accessory. To avoid saturation, samples were ground with a 10-fold excess of BaSO 4 prior to the measurements. The reflectance spectrum recorded of pure optical-grade BaSO 4 was used as reference.
Magnetism. The magnetic susceptibility of Co 2 PO 4 OH was measured in a MPMS-XL7 apparatus (Quantum Design) on powder samples placed in a polycarbonate capsule and fixed with high purity inert wax to prevent the powder from moving under the influence of the applied high magnetic fields. Both the direct current (dc) and alternating current (ac) magnetic susceptibilities (χ) were measured. For determination of the dc magnetic susceptibility, a field of 0.1 T was used for the temperature-dependent measurement, and fields up to 7 T were used for the isothermal magnetizations at temperatures of 2, 5, 10, 20, and 30 K. The driving field in the ac measurements was 2 Oe, with frequencies ranging from 1 to 1000 Hz. 4 (OH) (0 ≤ y ≤ 2/3). 21 The competing phase, Co 2 PO 4 F (2), 22 crystallizes isostructurally with triplite (Mn 2 PO 4 F) 23 with the space group C2/c. To elucidate the mechanism of formation of Co 2 PO 4 X (X = OH, F), a systematic synthesis study was carried out. We explored the variation of various parameters such as stoichiometric ratios and concentrations of the starting materials. Table 1 (2) formed (sample S5), with (1) being dominant for increases of up to 1.5 times the original amount and (2) becoming the prevalent species thereafter (sample S6). Increases of up to double the amount of H 3 PO 4 still led to pure Co 2 PO 4 OH (1) (sample S7), whereas decreases gave both Co 2 PO 4 OH (1) and Co 2 PO 4 F (2) in biphasic samples (sample S8). The initial pH of the starting mixtures was adjusted by H 3 BO 3 . Co 2 PO 4 OH (1) with good purity could be obtained with amounts of H 3 BO 3 between 0 and 0.75 mmol (sample S9). However, when H 3 BO 3 levels were increased from 0.75 to 1 mmol, pure Co 2 PO 4 F (2) was obtained (sample S10).
The thermal stability of Co 2 PO 4 OH in air was determined using thermal gravimetric analysis, and the results are shown in (Figure 1, right) . These face-sharing cobalt octahedra chains are linked together via tribridging O(1H) atoms forming a simple 3D rod-packing structure, following the concept of O'Keeffe and Andersson, 24 with six-membered rings along the a and b axes. Phosphate tetrahedral groups interconnect four of these CoO 4 (OH) 2 octahedra chains to generate a 3D framework. The peak at 889 cm −1 is assigned to the bridging −OH in the Co−OH−Co bending vibration 27 as was shown in NaCo 3 (OH)(PO 4 ) 2 ·(1/4)H 2 O. 28 These large absorption bands together with the weak peak at 1632 cm −1 indicate the presence of OH groups in the Co 2 PO 4 OH (1) structure. , which is split into two lines, the second one at 14 390 cm . This splitting can be explained by a Jahn−Teller distortion: reducing the symmetry from O h to D 4h splits the T 1g levels into A 2g and E g and the T 2g levels into B 2g and E g .
Assuming purely octahedral environment, evaluation using Tanabe−Sugano diagrams for a d 7 system yields a Racah parameter of 850 cm
. This value is reduced to about 77% of the free ion value (1115 cm −1 ) 29 due to the nephelauxetic effect and is therefore well within the expected range. With this value a ligand-field splitting of 7800 cm −1 can be deduced. Magnetism. Starting from the paramagnetic range observed around room temperature, the data is well-described by Curie− Weiss (CW) behavior (lower inset, Figure 4) . From the CW fit a magnetic moment of 4.71 μ B per Co 2+ ion is obtained, which is within expectations. For a spin-only S = 3/2 (d 7 , Co   2+ ) a magnetic moment of 3.87 μ B is obtained, and for a Co 2+ with full orbital contribution (L + S = J), the value can reach 5.2 μ B . Hence, Co 2+ in Co 2 PO 4 OH has a significant orbital contribution (L) to the magnetic moment, but L is not fully evolved. The extracted Curie−Weiss constant (⊖ CW = −49.7 K) is negative, pointing to predominant antiferromagnetic interactions in the spin ground state. All of these observations agree with what has been measured for orthorhombic Co 2 PO 4 OH, 30 but the tetragonal modification exhibits other magnetic features at lower temperatures. As judged from both dc ( Figure 4 ) and ac magnetic susceptibility data (upper inset Figure 4 ), the first magnetic anomaly starts to set in around 20 K. Note, the tetragonal modification is clearly different from the orthorhombic as the spin ordering at 71 K is missing here. 30 Below 20 K, the χ suddenly increases, indicating an emerging ferromagnetic spin component. Note that our tetragonal modification has a significantly larger molar susceptibility below 20 K compared to the orthorhombic one, 30 suggesting that a relatively strong spin canting is present in the antiferromagnetic state in tetragonal Co 2 PO 4 OH. The difference between the field cooled (FC) and zero-field cooled (ZFC) data agrees well with a noticeable imaginary part of χ (upper inset, Figure 4 ) and indicates that magnetic domains are formed. The observed spin domains can be explained by examining the isothermal magnetizations performed at several different temperatures ( Figure 5 ). At 30 K, the polarization at highest field is no doubt weaker than at 20 K and below, which would suit a paramagnetic behavior, underlining the assumption that T c is close to 20 K. As the temperature decreases from 20 to 5 K a remanent and a coercive field are observed, but the spin flips are smooth and progress in one step. The coercive field is larger than that in case of the dc and ac χ data, thus explaining the observed domain-like spin structure below T c . In contrast, the magnetization data recorded at 2 K reveal a twostep process, although the size of the polarization at the highest field does not change on going from 20 to 2 K. The absolute magnitude of the polarization is decisive for the spin ground state: a value of 0.75 μ B ( Figure 5 ) of theoretically 3 μ B points to a ferri-or canted antiferro-magnetic ground state, which agrees with the fact that a negative θ CW and a T c (not a T N ) are observed. In tetragonal Co 2 PO 4 OH, for Co 2+ there is only one crystallographically independent site (Wyckhoff symbol 8c). Thus, assuming that no temperature-dependent structural transition is involved, the occurrence of a ferrimagnetic state is not likely as in that case an uneven contribution of magnetic moment of at least two crystallographically independent Co 2+ sites is necessary. Thus, with only one crystallographic site present a canted antiferromagnetic spin order as the ground state is more likely.
The crystal structure of Co 2 PO 4 OH features columns of tilted [CoO 4 (OH) 2 ] octahedra face-shared by three oxygen atoms, running along the a (= b) axes ( Figure 5 ). From the structure, two magnetic coupling paths can be identified: (i) the coupling along the columns and (ii) the coupling between the columns. The observed competing magnetic interactions thus can be explained if (i) is of a ferromagnetic and (ii) is of an antiferromagnetic nature (or vice versa). The magnetic structure of orthorhombic Co 2 PO 4 OH contains ferromagnetic columns, as determined by neutron scattering. 30 Hence, all columns in the tetragonal modification are assumed to contain parallel coupled spins, and the 4 1 screw axis is conforming to a continuously rotating spin direction from one column to the next along the unique axis (inset, Figure 5 ).
Without further data, it is difficult to interpret the two steps in the 2 K magnetization data ( Figure 5 ), especially from an isotropic powder. However, a complex spin-flip transition along a single crystallographic easy axis appears unlikely. Hence, it is fair to assume that the complex transition involves two components: one along the unique crystallographic axis (c) and a second perpendicular to it. Note that any in-plane ferromagnetic component has to break the tetragonal symmetry, and such a transition should be of first order, that is, hysteretic. Therefore it is possible to postulate that the hysteretic part of the transition belongs to a spin-flip in-plane (⊥c) component, and the nonhysteretic part is related to a spin-flop component oriented along the unique axis (||c), shown in the lower-right inset in Figure 5 . The size of the magnetization parts naturally corresponds to the relative amount of spins that are flipped or flopped, but more data are necessary to confirm these assumptions. However, by flipping one spin out of four within the ab plane, the magnetization changes by 0.75 μ B (3 μ B /4), which agrees quite well with the observations, considering that the measured sample is a powder with all crystallographic directions statistically equally represented. Neutron diffraction data would be necessary to fully understand the spin structure in tetragonal Co 2 (PO 4 )OH, and these investigations are planned in the near future.
■ CONCLUSIONS
A new framework cobalt phosphate, Co 2 PO 4 OH, has been successfully prepared under ionothermal conditions, using the IL 1-butyl-1-methylpyridinium hexafluorophosphate, [C 4 mpy]- [PF 6 ], as the solvent and mineralizer. To allow for the determination of optical and magnetic behavior, phase-pure materials were obtained, and the optimal synthesis conditions were found by varying the stoichiometry of the reagents. Co 2 PO 4 OH crystallizes in the tetragonal space group I4 1 /amd. It is built up by face-sharing Co octahedra chains parallel to the a and b axes, which are arranged in a simple cubic rod packing. The rods are linked through tribridging O(2)H atoms linking the Co octahedra to six-membered rings. Finally, PO 4 tetrahedra interconnect four chains of CoO 4 (OH) 2 octahedra. Further analytical methods such as FT-IR and UV−vis spectroscopy corroborate the crystal structure found. Co 2 PO 4 OH stays thermally stable up to 400°C in air. Magnetic susceptibility measurements show paramagnetic behavior near room temperature but an anomaly at about 20 K, which may be the compound's Curie temperature (T c ). A ferromagnetic moment arises below this temperature. Following the Curie−Weiss fit, considerations of crystallographic site occupancies of Co 2+ , two magnetic coupling paths can be identified: one ferromagnetic along the columns and another antiferromagnetic between the columns. The spin ground state is probably canted antiferromagnetic. The magnetization curve observed at 2 K consists of a combination of a spin-flip and a spin-flop transition. Neutron diffraction measurements are necessary to unveil the magnetic structure-related details unambiguously.
